The body plan of arthropods and vertebrates involves the formation of repetitive segments, which subsequently diversify to give rise to different body parts along the antero-posterior/rostro-caudal body axis. Anatomical variations between body segments are crucial for organ function and organismal fitness. Pioneering work in Drosophila has established that Hox transcription factors play key roles both in endowing initially identical segments with distinct identities and organogenesis. The focus of this review is on Alary Muscles (AMs) and the newly discovered Thoracic Alary-Related Muscles (TARMs). AMs and TARMs are thin muscles which together connect the circulatory system and different midgut regions to the exoskeleton, while intertwining with the respiratory tubular network. They were hypothesized to represent a new type of muscles with spring-like properties, maintaining internal organs in proper anatomical positions during larval locomotion. Both the morphology of TARMs relative to AMs, and morphogenesis of connected tissues is under Hox control, emphasizing the key role of Hox proteins in coordinating the anatomical development of the larva.
rostro-caudal identity over another, and exert this function in different tissue layers, organs and cell types. Another function, common to vertebrates and invertebrates genes is the control of morphogenesis of particular organs (Hombria and Lovegrove, 2003; Pearson et al., 2005) . The focus of this review is on specific muscles, the Alary Muscles (AMs) and Thoracic Alary-Related Muscles (TARMs) (Fig. 1) , and their proposed architectural role. Along the way, we survey seminal literature relating the role of Hox proteins in patterning Drosophila larval tissues which are either targeted (dorsal vessel, lymph gland, visceral muscles, Malpighian tubules) or intimately contacted (trachea) by AMs and TARMs. The mechanisms of Hox-specific regulation of downstream genes during morphogenetic processes and structure of Hox-responsive DNA elements are the subject of other accompanying reviews in this issue and are not addressed here.
Patterning the Drosophila embryonic mesoderm; Hox control

Aorta and heart
The Drosophila larval dorsal vessel comprises the cardiac tube which is formed by two rows of juxtaposed muscular cells, the cardiac cells, which mediate active circulation of hemolymph. The cardiac tube is surrounded by several rows of pericardial cells which play diverse roles in hemolymph homeostasis and cardiac physiology. The cardiac tube is intrinsically metameric. There are 6 pairs of cardiac cells per abdominal (A) segment and 4 pairs per thoracic (T) segment, with anterior and posterior cardiac cells in each segment being molecularly distinct (Fujioka et al., 2005; Frasch, 2001, 2003; Perrin et al., 2004) . Two regions are morphologically identifiable: the aorta (segments T1 to A4), and the heart proper (segments A5 to A7). The aorta , TARM T1 and TARM* attach to lateral tendon cells (symbolized by an asterisk) and straddle several segments to connect to the first midgut constriction, gastric caeca and proventriculus, respectively. The dorsal trachea loops around TARM T1 before reaching the pharyngeal muscles (not drawn).
(B, C) Schematic drawings of the patterns of somatic muscles in the T1 and A2 segments (pale gray). Muscles drawn in green are discussed in the text. Arrows indicate the A/P, D/V and external-to-internal axes of the embryo. Adapted from Bate (1993) , Boukhatmi et al. (2014), and Hartenstein (1993) .
can be further subdivided into the anterior aorta, T1-T3 segments, and posterior aorta, A1-A4 segments. In T2 and T3, it is associated with the lymph gland, the larval hematopoietic organ (reviewed in Krzemien et al., 2010; Lo and Frasch, 2003) . The anterior aorta is connected dorsally to Heart-Anchoring Cells and ventrally to the cardiac outflow muscles (Zmojdzian et al., 2008) . Axial patterning of the dorsal vessel is under control of the Hox proteins, Antennapedia (Antp), Ultrabithorax (Ubx), Abdominal A (Abd-A) and Abdominal B (Abd-B), which are expressed and required in essentially non-overlapping domains along the A-P axis (Lo and Frasch, 2003; Lo et al., 2002; Perrin et al., 2004; Ponzielli et al., 2002) (Fig. 2) . One pair of anterior cells in each heart segment expresses the transcription factor (TF) Seven Up (Svp) and differentiates into functional ostiae, which act as inflow tract for the hemolymph. Abd-A function is required for this differentiation. The Svp expressing cells in the posterior aorta, where Ubx is expressed, do not form functional ostiae (Lo and Frasch, 2001; Ryan et al., 2005) . The anterior aorta lacks Svp-expressing cells. Upon ectopic expression of either Ubx or Abd-A, one ectopic pair of Svpexpressing cells is observed in T1-T3 segments and lymph glands are replaced by rows of pericardial cells, indicating a transformation of the anterior into posterior aorta (Perrin et al., 2004) . To summarize, Hox activity acts in a segmental register in the larval cardiac tube, to distinguish between the anterior aorta, posterior aorta, heart, and posterior terminal region of the dorsal vessel. The cardiac tube undergoes extensive remodeling during metamorphosis, resulting from cell trans-differentiation without cell proliferation. Ecdysone signaling is cell-autonomously required for all aspects of this remodeling (Monier et al., 2005) . The adult heart is formed by the larval posterior aorta myocytes. Ubx repression in the 4 posteriormost cells of each A1 to A4 segment is required for this transition. Maintenance of Ubx expression specifically in the anterior, Svpexpressing myocytes is required for the development of adult functional ostiae. Finally, abd-A activity is required for remodeling of the larval heart A5 segment into a terminal chamber (Monier et al., 2005) .
Visceral mesoderm
Drosophila gut morphogenesis results from the assembly of ectodermal, mesodermal and endodermal cells. Regionalized morphogenesis continues in the assembled tissue, such that the final gut architectureforegut, midgut and hindgut -is achieved only at the end of embryogenesis (Hartenstein, 1993; Hayashi and Murakami, 2001; Skaer, 1993) . The visceral mesoderm forms the external midgut cell layer. Visceral muscles provide the force for peristaltic midgut contractions (Bate, 1993) . They are composed of an inner layer of binucleated circular muscles and an outer layer of multinucleated longitudinal muscles (Rudolf et al., 2014; Tepass and Hartenstein, 1994) . The circular muscles originate from the trunk visceral mesoderm (Azpiazu and Frasch, 1993; Schaub and Frasch, 2013; Zaffran et al., 2001) , whereas the longitudinal muscles originate from the caudal visceral mesoderm (Ismat et al., 2010; Kusch and Reuter, 1999) . Although originating from metameric primordia (Azpiazu and Frasch, 1993) , the visceral mesoderm does not display a metameric morphology. Rather, three constrictions along the anteriorposterior axis demarcate four midgut chambers. All three constrictions The dorsal vessel (violet) can be subdivided into the anterior aorta (a.a., T1 to T3 segments), the posterior aorta (p.a., A1 to A4 segments) and the heart proper (A5-A7 segments). The lymph gland (orange line) flanks the anterior aorta. The midgut (blue rectangle) displays dorsal and ventral gastric caeca at its anterior end, and 3 constrictions (triangles). TARMs (gray connecting lines) in T1 and T2 connect to the dorsal gastric caecum and the first midgut constriction, respectively; AMs (black connecting lines) connect to the dorsal vessel in the A1 to A7 segments. The presence of a DA3 muscle (black bar) in T2 to A7, but not T1, segments, illustrates Hox control of the somatic muscle pattern. (B) Upon pan-mesodermal Ubx expression, a.a. is transformed into p.a., the lymph gland, gastric caeca and first midgut constriction are missing, and a DA3 muscle forms in T1, indicating a shift from T to A1 identity. 3 pairs of AM-like muscles connected to the dorsal vessel are observed in T1-T3, at the expense of TARMs; references in the text.
are dependent upon activity of the Hox proteins Antp, Ubx and Abd-A, respectively, which are expressed in non-overlapping domains, in a parasegmental register in this tissue (Bilder and Scott, 1998; Reuter and Scott, 1990; Tremml and Bienz, 1989) (Fig. 2) . Of specific interest here, the anterior constriction is initiated by visceral mesoderm cells expressing Antp and does not form in Antp mutant embryos. Four tentaclelike protrusions, the gastric caeca, form at the anterior end of the midgut and are missing in embryos mutant for the Hox protein Sex comb reduced (Scr). Unlike Antp which is expressed and required in the first midgut constriction primordium, Scr is expressed in cells posterior to the four pouches of cells that will form the caeca, and therefore appears to be required non-cell-autonomously for caeca formation (Reuter and Scott, 1990; Tremml and Bienz, 1989) . At the end of embryogenesis, the three parts of the Drosophila gut, the foregut, midgut and hindgut sequentially undergo left-handed (sinistral) rotation, resulting in convoluted left-right (L/R) asymmetry of the gut (Coutelis et al., 2008; Hayashi and Murakami, 2001; Ligoxygakis et al., 2001 ). Abd-B activity controls L/R asymmetry of the hindgut (Coutelis et al., 2013) . Whether, and which other Hox genes control midgut, and/or foregut L/R asymmetry is not known.
Somatic muscles
The somatic musculature which supports peristaltic crawling locomotion of the Drosophila larva is segmental (Bate, 1993) . Each hemisegment (right or left) of the larva shows a stereotypical arrangement of about 30 distinct body wall muscles, which attach to the exoskeleton via tendon cells located at distinctive positions (Bate, 1993) . Muscle attachment to epidermal cells involves integrin-mediated linkage between the ECM and the actin cytoskeleton, allowing actomyosingenerated muscle contractions to be translated into body movement (Bate, 1993; Maartens and Brown, 2015) . Each muscle is a syncytium seeded by a founder cell (FC), itself born from asymmetric division of a muscle progenitor cell (PC). Each FC undergoes multiple rounds of fusion with another class of myoblasts, the fusion competent myoblasts (Rushton et al., 1995) . The fusion process requires cell migration, recognition, and fusion, numerous different proteins being involved at different steps of this process. Given the complexity of the Drosophila larval muscle pattern, myoblast fusion is a highly regulated process (reviewed in Abmayr and Pavlath, 2012) . Characterization of selected muscle lineages has established that muscle identity -orientation, shape, size/number of nuclei, epidermal attachment sites characteristic of each muscle -reflects the expression and function in each PC and FC of a specific combination of muscle identity transcription factors (iTFs) (Baylies et al., 1998; de Joussineau et al., 2012; Enriquez et al., 2012; Frasch, 1999) . The A2-A7 segments present roughly the same pattern of body wall muscles. The T2-T3 and A1 patterns are slight variations on this pattern, whereas the T1 and A8 segments present fewer and more diversified muscles (Fig. 1B, C) . The segment-specific patterns of body wall muscles correlate with the segmental register of expression of different Hox genes (Bate, 1993; Michelson, 1994; Miller et al., 2001) (Fig. 2) . The expression pattern of one iTF, Nautilus (Nau), the Drosophila ortholog of mammalian bHLH myogenic regulatory factors (MRF), in different Hox conditions, suggested that segmental variations in the somatic muscle patterns reflected regulation of iTF activity by Hox proteins (Michelson, 1994) (Fig. 2) . Subsequent studies of the expression of apterous (ap) and collier (col), two other muscle iTFs, in the four lateral thoracic (LT1-4) and dorso-lateral DA3 muscles, respectively (Fig. 1B, C) , confirmed that Hox proteins control the number of muscle progenitors expressing a given iTF in different body segments. Hox regulation of ap and col transcription is direct, via Hoxspecific cis-regulatory modules. Hox also control segment-specific variations in the number of myoblasts contributing to a given muscle. For example, the DA3 muscle displays fewer nuclei in T2 than T3 than in A1-A7, an opposite situation to the situation observed for LT muscles (Capovilla et al., 2001; Enriquez et al., 2010) . Since the number of nuclei is both muscle-and segment-specific, this led to the conclusion that Hox proteins regulate and/or collaborate with various iTFs to establish the segmental muscle pattern at the muscle progenitor/FC stages as well as differentially regulate the number of myoblast fusions between segments (Enriquez et al., 2010) .
Alary muscles
In addition to body wall muscles, one alary muscle (AM) connects the dorsal vessel to the lateral exoskeleton in each A1 to A7 hemisegment (Bate, 1993; LaBeau et al., 2009; Rizki, 1978) (Figs. 1-3 ). The name "alary" does not refer to a role in adult wings, but to the delta wing-like shape of AMs. Early descriptions of AMs in adults of different insect species led to proposals of their role in maintaining the heart in its dorsal position or/and controlling ostia opening and heart beating (Dulcis and Levine, 2003; Glenn et al., 2010) . There are seven pairs of AMs in embryos and larvae (Fig. 2) . In the embryo, Drosophila AMs run immediately anterior to segmental boundaries, with their dorsal projections extending on either side of the boundary and connecting two adjacent AMs with one another (Boukhatmi et al., 2014) (Fig. 1) . Their dorsal delta-like extensions connect to the ECM which surrounds pericardial cells and contains Pericardin (Lehmacher et al., 2012) . AMs connect to the heart in segments A5-A7, and the aorta in segments A1-A4, at the level of the two anterior cells in each segment which express Svp (see Section 2.1). Svp activity does not seem to be required for this connection (LaBeau et al., 2009 ). The AM in A1 also connects to the posterior aspect of the embryonic lymph gland, the prospective posterior signaling center (Boukhatmi et al., 2014; Rizki, 1978) (Fig. 1) . The 3 anterior pairs, A1 to A3 segments express Ubx and the 4 posterior, A4 to A7 segments express Abd-A (LaBeau et al., 2009). While 4 posterior pairs persist in Drosophila adults, accompanying remodeling of the larval into adult heart during metamorphosis (Lehmacher et al., 2012; Molina and Cripps, 2001 ) (see Section 2.1), the 3 anterior pairs appear to dedifferentiate/re-differentiate to generate the ventral longitudinal musculature (VLM) of the adult heart (Schaub et al., 2015) . Interestingly, a different remodeling could occur in the mosquito Anopheles gambiae since the 7 pairs of larval AMs seem to be maintained in the adult (League et al., 2015) .
Thoracic Alary-Related Muscles (TARMs)
AMs are seeded by dorsal muscle FCs expressing the two iTFs, Optomotor-blind-related-gene-1 (Org-1), the ortholog of the vertebrate T-Box factor Tbx1, and Tailup (Tup), the ortholog of the LIMhomeodomain factor Islet-1 (Boukhatmi et al., 2012; Tao et al., 2007) . Analysis of Org-1 and Tup co-expression revealed the existence of previously unrecognized, thin muscles in the thorax, which were named "Thoracic Alary-Related Muscles" (TARMs) (Boukhatmi et al., 2014) (Figs. 1-3) . TARM T1 and TARM T2 attach to tendon cells along the posterior boundary of the T1 and T2 segments, respectively, that is, an equivalent position to AM attachment sites in abdominal segments (Fig. 1B, C) . However, unlike AMs which run along the abdominal segmental borders, the TARMs display oblique orientations and straddle several adjacent segments. TARM T1 makes head-on contacts with the gastric caeca while TARM T2 connects to the midgut first constriction ( Figs. 1-3 ; see Section 2.2). Lineage analyses established that a TARM FC is specified in T3, but its development into a muscle is abortive, explaining the absence of TARM in this segment (Fig. 1-3) . A more anterior and not well characterized TARM, TARM*, connects to the proventriculus. Left-handed rotation of the gut at the end of embryogenesis (see Section 2.2), results in asymmetric stretching of the TARMs (Boukhatmi et al., 2014) . This suggests that TARMs have elastic properties, as first suggested by the transient deformation of AMs upon interaction with the tip cell of anterior Malphigian tubules (Weavers and Skaer, 2013 ) (see Section 4.1).
AMS, TARMS and larval internal anatomy
Topological arrangement of AMs and Malpighian tubules
Detailed analysis of Malpighian tubule (MT) development revealed that they make specific contacts with AMs. Drosophila MTs are two pairs of epithelial tubes, anterior and posterior, which serve as a functional equivalent of the mammalian renal tubules (Skaer, 1993) . The four MT primordia bud out from the hindgut at the position of the midgut-hindgut boundary, before growing, elongating and migrating through the body cavity to assume their final position and shape (Skaer, 1993; Wan et al., 2000) . The tip cell of the anterior MTs contacts the AM in A5, then in A4, to finally anchor the MT tip to the AM in A3 (Weavers and Skaer, 2013) . This dynamic sequence of MT tip cell/AM interactions is required for normal bending and lengthening of the MT (Weavers and Skaer, 2013) . Whether Hox genes directly control MT morphogenesis is not known. In wild type embryos, the anterior MTs stop migrating when they reach the A1 border. Ubiquitous ectopic expression of Abd-A shifts this anterior border of migration from A1 to T3. Conversely, in Bithorax Complex (Bx-C) mutants, the anterior MTs do not migrate anterior to A3 or A4. These observations suggested that the anterior border of MT migration is under Hox control, but which mechanisms could operate remains unknown (Zohar-Stoopel et al., 2014) . The AMs in A3 and A4-A5 express Ubx and Abd-A, respectively. Whether MT stable attachment to the AM A3 at the end of embryogenesis is dependent upon Ubx has not been addressed.
Topological arrangement of AMs, TARMs and trachea
The Drosophila respiratory system, the trachea, carries oxygen to internal larval tissues (Manning and Krasnow, 1993) . It is a metameric tubular network which derives from ectodermal cell clusters that are serially repeated along each side of T1 to A9 segments, and express trachealess and ventral veinless (vvl), among other genes (Chung et al., 2011; Isaac and Andrew, 1996) . Except in T1 and A9, where they incorporate into the epidermis (Sanchez-Higueras et al., 2014) , each tracheal cell cluster invaginates into the embryo, before growing out branches. Some branches, such as the dorsal trunk branch, fuse with homologous branches from neighboring clusters to form the interconnected trachea (Manning and Krasnow, 1993) . The specialized tracheal branches in the head and T1-2 segments derive from the T2 cluster where vvl expression is under Antp control (Manning and Krasnow, 1993; Sanchez-Higueras et al., 2014) . In connecting the lateral exoskeleton to the dorsal vessel, AMs run internally and affixed to the main, dorsal branch, and externally to the lateral branches of the trachea. TARM T1 and TARM T2 also run internally to the dorsal, thoracic branch of the trachea in connecting the thoracic exoskeleton to specific midgut regions (Fig. 1) . The cephalic pharyngeal branch, which supplies oxygen to the pharyngeal muscles loops around TARM
T1
. This topology suggested an architectural role of AMs and TARMs in pressing the dorsal tracheal branch against the body wall (Boukhatmi et al., 2014) (Fig. 1) . It raises the question of how the sequences of cell re-arrangements and/or cell-cell-fusions which underlie the formation of the trachea, visceral mesoderm and AMS/TARMs are coordinated in space and time.
Hox control of AM/TARM morphology and their internal attachment sites
Ubx and Abd-A are expressed in AMs, in the A1-A3 and A4-A7 segments, respectively. Accordingly, Ubx mutants failed to develop the 2-3 most anterior AM pairs, whereas double knockout of Ubx and Abd-A drastically reduced the total number of AMs, with the few developing AMs observed at random segmental positions (LaBeau et al., 2009) . This showed that AM formation is under the control of these two Hox proteins. Pan-mesodermal expression of either Abd-A or Ubx was shown to result in the formation of 3 supernumerary pairs of AMs in the thorax, arranged in a segmental pattern. These supernumerary muscles angled to contact the dorsal vessel, suggesting that their attachment sites to the exoskeleton were in thoracic segments (LaBeau et al., 2009 ). Ubx/abd-A ability to induce "de novo" pairs of "thoracic AMs" suggested the existence of "cryptic" progenitor cells failing to give rise to muscles in absence of proper Hox input, a scenario accounting for the lack of DA3 muscle in T1 (Enriquez et al., 2010) . However, the recent discovery of TARMs suggested another scenario, that is, Ubx or Abd-A reprogramming of TARMs into AMs, as well as induction of AM differentiation in T3. We decide to test this scenario, using the tup AME-moeGFP reporter to visualize AM/TARM morphology (Boukhatmi et al., 2014) . As reported by LaBeau et al. (2009) , 24B-driven Ubx expression in the entire mesoderm resulted in the formation of 3 supernumerary pairs of thin muscles connecting the lateral epidermis of T1, T2 and T3 to the dorsal vessel. The concomitant loss of TARM T1 and TARM T2 confirmed our hypothesis of a reprogramming of TARMs into AMs, together with induction of AM formation in T3 (Fig. 3) . Thus, while the position of AMs and TARMs attachment sites to the epidermis is independent of segmental identity, attachment of TARMs and AMs to specific midgut regions and dorsal vessel, respectively, is dictated by the domains of Hox expression in the mesoderm (Figs. 2 and 3 ). Yet, it remains to be established whether TARM into AM transformation only depends upon the Hox code in the AM/TARM lineage.
Ubx expression in the entire cardiac tube does indeed convert the anterior into posterior aorta: the number of cardioblasts in T segments is increased from 4 to 6, with the two extra cells expressing Svp, while LG cells are replaced by pericardial cells expressing Prc (LaBeau et al., 2009; Lo and Frasch, 2003; Perrin et al., 2004) . 24B-driven, panmesodermal Ubx expression also represses Scr and Antp in the visceral mesoderm. As a consequence, the gastric caeca do no longer evaginate and the first midgut constriction fails to form properly (Miller et al., 2001) . Therefore, the morphogenesis of both AMs/TARMs and internal organs connected by these two groups of muscles depends on proper Hox input (Figs. 2 and 3) . The A/P registers of Hox function differ between mesodermal tissues (Fig. 2) . Additional experiments are therefore needed to determine which Hox proteins are expressed in the different TARMs and whether Hox control of AM versus TARM identity is intrinsic or/and contributed by changes in attractive cues issued from the posterior aorta/heart and/or visceral mesoderm cells.
Conclusions
In conclusion, AMs and TARMs are a novel type of thin, elongated muscles, whose morphology and attachment sites in the late embryo suggest an architectural role in maintaining the internal anatomy of the Drosophila larva. The morphology of AMs versus TARMs, and their attachment to circulatory and digestive organs, respectively, is dependent upon homeotic information. The next steps are to understand how multi-organ development and AM/TARM connections are orchestrated in space and time, and determine the role played in this coordination by the specific registers of Hox expression. Hox function in organogenesis is conserved throughout the animal kingdom, raising a further question of the evolutionary origin of insect AMs and TARMs and their possible role in other phyla. Fig. 3 
Material and Methods for
Drosophila strains and immunohistochemistry
The following Drosophila strains were used: AME-moeGFP (Boukhatmi et al., 2014) ; 24B-GAL4 (Bloomington Stock Center); and UAS-Ubx (Michelson, 1994) . Forced pan-mesodermal expression of UAS-Ubx with 24B-GAL4 was carried out at 25°C.
Fluorescent staining of whole-mount embryos was performed using standard techniques (Boukhatmi et al., 2014) . The following primary antibodies were used: Chicken anti-GFP (1:500; Abcam), Rat anti-TM2 (1:500; Abcam), and rabbit anti-Mesh (1:1000; (Izumi et al., 2012) ). Secondary antibodies were Alexa Fluor −488, −647, and −555 conjugated antibodies (1:300; Molecular Probes). Optimized confocal sections were acquired on Leica SPE microscopes. Projections were created using ImageJ.
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